Microtubules are cylindrical polymers that are assembled from dimers of α-tubulin and β-tubulin. They are polar filaments that have a fast-growing plus end and a slow-growing minus end that is often capped by the γ-tubulin ring complex, a ring-shaped microtubule nucleator 1 . Microtubules coordinate a diverse set of biological processes, including chromosome segregation, spindle positioning and cytokinesis.
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To orchestrate these diverse functions, microtubules self-organize into distinct structures. Chromosome segregation is driven by microtubule bundleswhich are termed kinetochore fibres -in the bipolar mitotic spindle; spindle positioning is mediated by attachment of astral microtubules to cortical sites; and cytokinesis is coordinated, for the most part, by the central spindle, an array of antiparallel microtubules that are bundled at their overlapping plus ends. The central spindle emerges from the mitotic spindle as it elongates during anaphase. The mitotic and central spindles are both bipolar structures that are assembled from micro tubules with overlapping plus ends 2 . Despite their similar overall organization, these structures assemble at distinct times during the cell cycle. Are these structures independent from one another, or is the mitotic spindle a template for central spindle assembly? Are mitotic and central spindles organized by distinct microtubule motors and microtubule binding proteins? Accumulating evidence, which is reviewed herein, suggests that although the central spindle emerges from the mitotic spindle, distinct factors organize these two structures and they can even assemble a central spindle de novo.
Cytokinesis is mediated by an actomyosin-based contractile ring that assembles on the inner face of the plasma membrane 3, 4 . Myosin motor activity drives the sliding of actin filaments to constrict the ring and furrow the overlying plasma membrane. The site of contractile ring assembly has to be coordinated with the position of the mitotic spindle to ensure that the two sets of segregated chromosomes are sequestered into the two daughter cells. The central spindle has an important role in this coordination [5] [6] [7] [8] . In addition, the central spindle is required for the final step of cytokinesis, cell separation or abscission [9] [10] [11] [12] . The contractile ring assembles through the coordinated activation of myosin motor activity and actin filament polymerization by the small GTPase RhoA [13] [14] [15] . The central spindle contributes to the spatial regulation of contractile ring formation by concentrating a key activator of the small GTPase RhoA, namely its guanine nucleotide-exchange factor (GEF) ECT2 . However, the requirement for the central spindle for division plane positioning is not absolute, as a second mechanism for division plane positioning is controlled by astral microtubules [20] [21] [22] [23] . The aster-dependent pathway involves the biased accumulation of contractile components at sites of high microtubule density 22 .
Here, I focus on assembly of the central spindle, as its function in cytokinesis has been the subject of several recent reviews 14, 24 . I review the structure of the central spindle and the individual and collective functions of the motors and microtubule-associated proteins (MAPs) that contribute to the central spindle, and I briefly summarize some of the insights into mitotic and
Interpolar microtubule
A microtubule that emanates from one spindle pole and bundles with microtubules that come from the opposite pole.
Midbody
The highly compacted structure at the centre of the cytoplasmic bridge between two nascent daughter cells.
central spindle assembly that have come from computational modelling. The Review concludes with a working model of central spindle assembly.
Organization of the central spindle During metaphase, the mitotic spindle is comprised of kinetochore fibres, astral microtubules and interpolar microtubules (fIG. 1). As a first approximation, the fusiform shape of the spindle is generated by focusing microtubule minus ends at the poles and by crosslinking interpolar microtubules in a region of overlap at the midzone. Pole focusing is mediated by the minus-enddirected motor protein dynein and the two half-spindles are crosslinked by a homotetrameric kinesin 5 motor protein that is called EG5 (also known as KIF11) 25, 26 . on anaphase onset, the spindle reorganizes dramatically. Kinetochore fibres shorten, which delivers the sister chromatids towards the poles, astral microtubules elongate 27, 28 , and several proteins that are crucial for central spindle assembly relocalize from the cytoplasm and initiate the bundling of antiparallel plus ends of microtubules (fIG. 1) . The region between the two poles is called the spindle midzone and the microtubules that populate this region are called midzone microtubules (fIG. 1) . The term central spindle refers to the structure at the centre of the midzone, where the plus ends of the microtubules interdigitate. Although microtubule minus ends seem to emanate from the spindle pole during early anaphase, the microtubules of the central spindle eventually lose their interaction with the spindle poles. Furthermore, the ends of the microtubules no longer cluster to a point, but instead the poles are splayed.
As the cleavage furrow ingresses, the central spindle becomes compacted, which forms a dense structure known as the midbody or Flemming body 29 . Electron microscopy indicates that microtubule plus ends overlap for ~2 µm, although in tubulin immunofluorescence studies this region of overlap is often obscured by epitope masking 30 . The midbody concentrates proteins that are associated with vesicular transport, thereby leading to abscission at a site that is immediately adjacent to the dense midbody [31] [32] [33] [34] [35] [36] [37] [38] [39] . Figure 1 | assembly of the central spindle. a | Schematic diagrams of the distribution of microtubules and the chromosomes during cell division. In metaphase, the chromosomes align on the metaphase plate. At anaphase, the chromosomes move polewards, the central spindle assembles and contractile ring assembly commences. In telophase, after cleavage furrow ingression, the contractile ring compresses the central spindle to form the midbody. Microtubule plus ends (+) are indicated (minus ends, which are positioned at the centrosomes, are not shown). b | A simulated time course of mitotic exit of a cultured human cell line, in which microtubules are labelled by indirect immunofluorescence. At metaphase, the spindle microtubules position the chromosomes on the metaphase plate. In early anaphase, the chromosomes start to move polewards. By mid anaphase, the chromosomes are found at the poles, the spindle has elongated and spindle midzone microtubules are bundled at their overlapping plus ends. By late anaphase, the chromosomes start decondensing and the cleavage furrow has ingressed substantially. By early telophase, the furrow has fully ingressed and the central spindle is compacted into the midbody. By late telophase, the cytoplasmic bridge has narrowed and the cell is prepared for abscission. 
Centrosome
A structure that is enriched in γ-tubulin that nucleates and organizes microtubule minus ends. The centrosome often contains a pair of centrioles.
Stability of the central spindle. Mitotic and central spindles differ greatly in the stability of the microtubules contained therein. Precise measurements of microtubule dynamics require the visualization of individual microtubule ends over time so that their history can be tracked. It is not technically possible to make these measurements on bundled microtubules as their ends cannot be tracked. Moreover, the dynamics of free and bundled microtubules are likely to be different, even in the same cell.
The dynamics of bundled microtubules are therefore best assessed with bulk assays and using techniques such as fluorescence recovery after photobleaching (fRAP). such measurements indicate that microtubules turn over more rapidly in mitotic spindles during metaphase 40, 41 (t ½ = 10-20 s) compared with microtubules in central spindles during anaphase, which turn over slowly (t ½ > 2 min) 30 . Central spindle microtubules are also resistant to doses of microtubule depolymerizing drugs that are sufficient to destabilize most astral microtubules, providing additional evidence for their stabilization 23 . Although central spindle microtubules are stabilized relative to those of the mitotic spindle, they are not completely inert. There is some polymerization at the central spindle 30, 42 and markers of plusend microtubule growth are detectable at this site 43 . As the structure does not grow appreciably, depolymerization must also take place at an equivalent rate so that it maintains a constant size.
Self-organization of the central spindle. In an unperturbed anaphase, the central spindle forms through a rearrangement of the mitotic spindle, suggesting that the mitotic spindle might be a template for the assembly of the central spindle. However, functional equivalents of the central spindle can assemble de novo, as well as in the absence of prominent components of the mitotic spindle, such as chromosomes and centrosomes. For example, anucleate cells form normal central spindles that contain central spindle components 44 , as do regions of overlap between neighbouring spindles 45 . In some experimental situations, cell fragments that lack centrosomes and chromosomes, or cells that have been treated with microtubule depolymerizing drugs during metaphase, can bundle microtubules into central spindle-like structures that have the capacity to induce furrowing 46, 47 ; central spindle markers have not yet been localized on these bundles but, as in bona fide central spindles, anti-tubulin antibodies do not label the centre of these bundles, which suggests that central spindle components are probably present. These findings suggest that central spindles comprise a self-assembling structure that can arise independently of the bipolar cues that are normally provided by the pre-existing mitotic spindle.
Motors and MAPs of the central spindle
Central spindle assembly is mediated by a set of MAPs, kinesin motor proteins and mitotic kinases. The most noteworthy of these components are the MAP protein regulator of cytokinesis 1 (PRC1), the centralspindlin complex and the chromosome passenger complex (CPC) [48] [49] [50] [51] [52] . PRC1 interacts with microtubules directly and localizes to the central spindle (fIG. 3) . In vitro, purified PRC1 bundles microtubules 53 . PRC1 contains a conserved central domain, which, when expressed alone, induces microtubule bundling and accumulates over much of the spindle 54 . However, a larger fragment that contains the amino-terminal region causes PRC1 to localize much more precisely to the central region of the central spindle 54 . This region interacts with the kinesin 4 motor KIF4A and depletion of KIF4A causes PRC1 to localize to a broader region of the central spindle. However, the localization of the larger fragment is more restricted compared with the central domain of PRC1 alone 55 . This suggests that the n terminus of PRC1 contains additional functionality beyond KIF4A binding. Indeed, the n terminus of PRC1 also contains a domain that mediates oligomerization 53 . The budding and fission yeast orthologues of PRC1, called abnormal spindle elongation 1 (Ase1) in both organisms, also localize to microtubules and promote their bundling, with a preference for antiparallel microtubules 49, 56 . This activity is independent of a kinesin 4 motor, as this class of motors is not found in either yeast genome.
Centralspindlin: an unusual motor complex. A second important component for central spindle assembly is the centralspindlin complex. Centralspindlin is a tetrameric complex that consists of a dimer of the kinesin 6 motor protein MKlP1 (also known as KIF23) that is bound to a dimer of the Rho family GTPase-activating protein (GAP) CyK4 (also known as RacGAP1 and MgcRacGAP) 57, 58 . This complex localizes to the centre of the central spindle 10, 11, 57, 59, 60 (fIG. 3) , where it promotes central spindle microtubule bundling and RhoA regulation, and serves to recruit regulators of abscission 14, 61 . neither CyK4 nor MKlP1 can localize in the absence of the other protein: only intact centralspindlin localizes 57 . similarly, the complex, but not the individual subunits, is sufficient to promote microtubule bundling in vitro 57 . Centralspindlin function requires a high-affinity interaction between CyK4 and MKlP1 (Ref. 58) . The interface is created by an n-terminal domain in CyK4 and an ~85 residue interaction domain in the MlKP1 linker region that is carboxy-terminal to the motor 2) . Although the interaction between these proteins is evolutionarily conserved, the sequences that mediate their interactions are not. Moreover, mutations that destabilize this interaction can be readily suppressed by a series of second-site mutations, which indicates that there is a high degree of plasticity in this interaction interface 57, 58 . The 85-residue CyK4-interaction domain in MKlP1 starkly contrasts with the corresponding region in most kinesin motor proteins. In most kinesins, the linker between the motor domain and the coiled-coil domain consists of 13-15 amino acids and is highly conserved 62 . In kinesin 1 motors, this domain docks against the motor domain in a nucleotide-sensitive manner and contributes to their plus-end-directed motility 63, 64 . CyK4 binding to this domain is essential for central spindle assembly 57, 58 , but the structural consequences are not yet understood in mechanistic detail. Attractive possibilities for the structural consequences include a conformational change in MKlP1 that promotes binding to antiparallel microtubules, and/or the direct participation of CyK4 in microtubule binding.
The CPC targets Aurora B kinase to the central spindle. A third crucial component in central spindle assembly is the CPC, which contains Aurora B kinase as a catalytic subunit (fIG. 2) . The CPC is a multisubunit complex that consists of a triple helical bundle, which contains strands that are contributed by inner centromere protein (InCEnP), survivin (also known as BIRC5) and borealin (also known as CDCA8) 65 . A second domain in InCEnP binds to and activates the kinase activity of Aurora B 66 . This set of four proteins is active throughout mitosis and acts on chromosomes during metaphase and on the central spindle during anaphase. The name of the CPC derives from the fact that this complex concentrates at inner centromeres in the middle of the spindle during metaphase and remains at a similar location in the cell during anaphase, although at this time it associates with the central spindle and the cell cortex, as if it were delivered there by the chromosomes 44 ( fIG. 3) . However, the CPC concentrates on the central spindle in cells that lack chromosomes 44 . Furthermore, a specific survivin mutant cannot localize to centromeres but can localize to the central spindle 68 . Thus, central spindle recruitment of the CPC is independent of its prior presence on chromosomes.
Although the CPC phosphorylates several central spindle components [69] [70] [71] , it might also be directly involved in microtubule bundling. The n-terminal 42 residues of InCEnP are required for its interaction with the central spindle 72 , but this probably reflects a requirement for this region to bind to other subunits of the CPC 65 . The localization of an n-terminally deleted InCEnP can be rescued by the fusion of survivin to the remainder of InCEnP. Moreover, this survivin-InCEnP fusion can localize in the absence of borealin 68 . As neither InCEnP nor survivin localize individually, these two factors must localize through a cooperative mechanism. InCEnP also contains a tubulin-binding domain 73 , thus InCEnP might be a structural component of the central spindle in addition to its role in activating and localizing Aurora B kinase. 
Coiled-coil domain
A protein structural domain that mediates subunit oligomerization. Coiled coils contain between two and five helices that twist around each other.
Additional central spindle MAPs and motors.
Although PRC1, centralspindlin and the CPC are the best-characterized components of the central spindle, they are not the only MAPs and motors that concentrate on this site. other kinesins that are enriched on the central spindle include KIF4A, MKlP2 and MPP1. As discussed above, KIF4A regulates PRC1 function 53, 55 . like MKlP1, MKlP2 and MPP1 are kinesin 6 family members, and they are both required for late steps in cytokinesis [74] [75] [76] . so far, only MKlP2 has defined functions at the central spindle, promoting the accumulation of Aurora B and PlK1 (Refs 77, 78) . Interestingly, MKlP2 and MPP1 are not widely found in sequenced genomes (MKlP2 being found in more genomes than MPP1). Caenorhabditis elegans has a sole kinesin 6 family member, which is an MKlP1 orthologue; Drosophila melanogaster has an MKlP2 orthologue, subito, in addition to the MKlP1 orthologue Pavarotti 79 . At present, it is unclear why additional members of this kinesin family are required in some cell types but not all. Although MKlP1 and MKlP2 are highly related, MKlP2 is not known to have a stoichiometric binding partner comparable to CyK4 that binds to its neck linker region and facilitates its proper localization, thus the two motors are structurally and functionally distinct despite being paralogues.
Another MAP that seems to contribute to central spindle assembly is orbit, a microtubule plus-endbinding protein. This protein localizes to the centre of the central spindle and the midbody 80 . orbit has a crucial role in kinetochore-microtubule attachments and these earlier requirements make it difficult to study its role in cytokinesis. However, a hypomorphic mutation in orbit has been isolated in D. melanogaster. This allele does not severely compromise chromosome segregation, but it does cause penetrant defects in central spindle assembly 81 . Further analysis of the role of orbit in central spindle assembly is clearly warranted.
As mentioned above, during telophase, central spindle microtubules seem to lose their attachment to the spindle poles. little is known about what triggers this transition. However, there have been some insights into how the released minus ends might be stabilized. An intriguing evolutionarily conserved MAP, AsP, was first identified in D. melanogaster and named for its phenotype of abnormal spindle poles 82 . In D. melanogaster, AsP is highly concentrated at centrosomes for much of the cell cycle but, during anaphase, it concentrates to the flanking regions of the central spindle 83 . Although mutations in D. melanogaster asp are lethal, at least some humans lack the function of ASPM and are microcephalic 84 . The viability of these individuals suggests that AsPM is functionally redundant in most tissues except the brain. In D. melanogaster, loss of AsP causes disorganization of the central spindle and many central spindle factors are not properly localized 83 . AsP might stabilize microtubule minus ends and could, additionally, contribute to the nucleation of additional microtubules in the central spindle 85 . Finally, a direct interaction partner of MKlP1, CEP55, also concentrates on the central spindle and the midbody 34, 86 . CEP55 orthologues are readily identified in vertebrates but not in invertebrates. CEP55 is of interest because it directly mediates the recruitment of TsG101, an endosomal sorting complex required for transport I (EsCRT-I) subunit and the EsCRT-Iassociated protein AlIX (also known as PDCD6IP). These factors are required for viral budding, which is topologically similar to membrane resolution during abscission 35, 36 . Their concentration at the midbody and their established function in regulating membrane topology suggests that they might have a similar role during cytokinesis. Indeed, CEP55, AlIX and TsG101 are required for abscission.
Complex interactions among central spindle components.
Although several of the MAPs and motors described above are sufficient to bind and/or bundle microtubules in vitro, no single component is sufficient for central spindle assembly in vivo, and the behaviour of many of these proteins are highly intertwined.
PRC1, centralspindlin and the CPC comprise a core set of interdependent factors that are involved in central spindle assembly. The absence of any of these factors substantially affects the localization of the others, and, as a consequence, also affects the delocalization of most peripheral components of the central spindle. loss of PRC1 orthologues disturbs, but does not abolish, the localization of centralspindlin and the CPC. Centralspindlin still associates with the central spindle but fails to become highly concentrated at its centre 55, 87 . The CPC primarily associates with the cell cortex under these conditions and AsP also becomes delocalized 87, 88 . loss of PRC1 in human cells causes the bipolar central 89 . Although sPD-1-defective cells have highly disorganized central spindles, the residual structure is sufficient to allow the completion of cytokinesis in many, but not all, of the cells of the embryo. As a further example, some tissues in Xenopus laevis embryos express PRC1 at low levels, which causes their spindles to hyperelongate during anaphase and delays central spindle assembly 90 . Cells that lack centralspindlin or the CPC have profound defects in central spindle assembly. In C. elegans embryos and D. melanogaster cells, there is little, if any, microtubule bundling, and PRC1 localization is greatly perturbed under such circumstances [10] [11] [12] 60, 89 . Although both subunits of centralspindlin are CPC targets, there is no evidence that these phosphorylation events are required for central spindle assembly [69] [70] [71] . In centralspindlin-depleted cells, the CPC associates with spindle microtubules at reduced levels 12 . Conversely, centralspindlin does not stably localize in cells that are depleted of the CPC 91, 92 , which perhaps explains the requirement for the CPC in this process. vertebrate cells that are depleted of MKlP1 retain the ability to recruit MKlP2 and the CPC 77 , but numerous other central spindle factors fail to accumulate, such as CEP55, the RhoGEF ECT2 and the endocytic protein FIP3, which is important for abscission [17] [18] [19] 34, 93 . In summary, loss of centralspindlin or the CPC inhibits central spindle assembly and prevents cytokinesis.
other central spindle proteins are less crucial for the integrity of the structure itself, although many are essential for cytokinesis. For example, CEP55 is directly recruited by centralspindlin and serves to recruit additional factors for abscission 34 . In CEP55-depleted cells, many midbody components (centralspindlin, Plus-end-directed motor PRC1, Aurora B and MKlP2) localize properly, at least initially. However, the prominent bulge in the cytoplasmic bridge, the Flemming body, is absent in CEP55-depleted cells, and these are abscission defective. similarly, the kinase PlK1 is an important regulator of cytokinesis that localizes to the central spindle, but it is also dispensable for central spindle assembly [94] [95] [96] [97] . PlK1 is recruited by PRC1 (Ref. 78) and, to a lesser extent, MKlP2 (Ref. 75) . MKlP2 presents a puzzling case. Although MKlP2 depletion delocalizes the CPC, it does not dramatically affect PRC1 or MKlP1 localiz ation, which are ordinarily dependent on the CPC for their localization 71 . Thus, Aurora B must be functional without being highly localized. This suggests that the CPC acts catalytically at the central spindle, rather than structurally. As the CPC is recruited to the central spindle in organisms that lack an MKlP2 orthologue, there might be additional mechanisms for CPC recruitment. In summary, CEP55, PlK1 and MKlP2 have important roles at the central spindle, but they are not strictly required for its assembly.
Temporal regulation of spindle assembly
The mitotic spindle begins to assemble in prometaphase and it persists throughout metaphase, when the main mitotic kinase, cyclin-dependent kinase 1 (CDK1), is highly active. By contrast, the central spindle assembles during anaphase as CDK1 levels decline. Although these structures are related to one another, the proteins that control their assembly are largely non-overlapping. A number of these differences can be ascribed to the fact that the mitotic and central spindles are present during distinct cell-cycle stages. For example, the tetrameric kinesin 5 motor EG5 has a crucial role in crosslinking microtubules during metaphase. localization of EG5 to the mitotic spindle during metaphase requires the phosphorylation of a single CDK1 site in the C terminus 98, 99 . Although this site would be predicted to be dephosphorylated during anaphase, this motor remains associated with the anaphase spindle, even after CDK1 has been inactivated 99 . Perhaps spindle binding inhibits its dephosphorylation. Although EG5 remains associated with the spindle during anaphase and slows spindle elongation 100 , inhibition of EG5 after anaphase onset does not perturb cytokinesis 26 . Thus, one of the key factors that is required for mitotic spindle assembly is dispensable for central spindle assembly.
Conversely, the motors and MAPs that regulate central spindle assembly do not participate in mitotic spindle assembly. Many crucial central spindle components are inhibited before anaphase. For example, the centralspindlin complex is phosphorylated at a set of CDK1 sites that destabilize the interaction of the protein with microtubules and this complex is largely cytoplasmic during metaphase 101 . similarly, PRC1 is phosphorylated by CDK1 and this phosphorylation also reduces the efficiency with which it binds to the spindle and the extent to which it recruits PlK1 (Refs 54,102). Finally, CDK1 inactivation is required for the CPC to bind to the central spindle, perhaps because it remains on chromosomes 103 . Following anaphase onset, cyclins are degraded, CDK1 becomes inactive and these inhibitory sites are dephosphorylated, which allows central spindle assembly to commence. Thus, mitotic and central spindle assembly are mutually exclusive.
Modelling spindle assembly
How does a bipolar structure with antiparallel microtubules assemble? Computational modelling has emerged as an important discipline to answer questions of this nature. Many individual aspects of spindle assembly have been modelled, including pole formation, antiparallel microtubule overlap establishment and the balancing of the mechanical forces that are generated by microtubule dynamics and microtubule motors within and external to the spindle 104 . These models contribute to the overall understanding of spindle assembly, and they also shed light on the diversity of the forms that microtubules, MAPs and motor proteins can create. However, a comprehensive model of the mitotic spindle remains unrealized. nevertheless, these models are somewhat generic and many of their conclusions are also applicable to the central spindle. The progress that has been made in this theoretical vein is useful for the develop ment of hypotheses and to guide experimental design and interpretation.
Computational modelling has been used to investigate how stable antiparallel microtubule overlap can arise. one approach is to model a minimal system that consists of dynamic microtubules and motors or MAPs (see Cytosim link in Further information). specifically, multimeric motor proteins and motor protein-MAP fusions were compared for their ability to generate stable microtubule overlap (fIG. 4a) . In this model, only a hybrid motor that contains both plus-and minusend-directed motors could give rise to stable antiparallel microtubule bundles 105 (fIG. 4b) . The presence of motors of both directionalities was not sufficient: the two motors had to be physically connected. Although demonstrating that the formation of a stable overlap zone requires the coupling of microtubule motors that exert counterbalancing forces is of substantial interest, no motor with these properties is known to be involved in mitotic or central spindle assembly.
one parameter that affects these simulations is the residency time of the motor at the end of a microtubule. Hybrid motors that dissociate immediately from microtubule ends only create microtubule bundles that overlap for their entire length, whereas if the motors persist for a time with a microtubule end, the micro tubule bundles can overlap less extensively. Interestingly, and more physiologically, antiparallel microtubule bundling could also be achieved through the combined action of a specialized microtubule motor and a MAP. Together with a MAP that binds preferentially to antiparallel microtubules, a motor that associates with the plus end of a microtubule and moves processively towards the minus end of a second microtubule can generate microtubule bundles with overlapping minus ends (fIG. 4c) .
The properties of these molecules were selected to mimic the behaviour of the motors and MAPs that mediate the organization of microtubules in Schizosaccharomyces pombe (BOX 1) . The formation of microtubule bundles in S. pombe requires the PRC1 orthologue abnormal spindle elongation 1 (Ase1), which preferentially bundles anti parallel microtubules and a kinesin 14-type motor, Klp2. Klp2 associates with the plus end of a microtubule, perhaps via a microtubule plus-end-tracking protein, such as EB1 (Ref. 106) , or a non-catalytic, motor-like accessory protein 107 and moves processively towards the minus end of a second microtubule, allowing it to slide two microtubules relative to each other 56 . However, the overlapping plus-end organization of the central spindle cannot be generated simply by substituting a plus-end-directed motor for the minus-enddirected motor in this system. This type of motor, which is located at a microtubule plus end, would induce an adjacent microtubule to slide past its end, thereby eliminating the overlap (fIG. 4d) . However, factors that prevent the plus-end-directed motors from reaching the extreme plus end of the microtubule could, in principle, prevent complete microtubule separation and allow such motors to participate in microtubule bundling.
A second important consideration in modelling spindles is the dynamics of the constituent micro tubules. Computational models allow facile exploration of how microtubule dynamics affect spindle assembly. For example, models reveal that more stable micro tubules induce the assembly of longer spindles, even if the microtubules do not span the entire distance from the pole to the midzone -this has been confirmed experimentally 108, 109 . not only will global changes in microtubule dynamics modulate the spindle, it is likely that microtubule dynamics are non-uniform in the spindle. Computational modelling indicates that non-uniform microtubule dynamics can alter spindle morphology 110 . notable differences in microtubule behaviour have
Box 1 | Microtubule organization in Schizosaccharomyces pombe
The fission yeast Schizosaccharomyces pombe provides an informative and complementary system with which to analyse the organization of microtubule-based structures. This system is highly genetically and cytologically tractable, the main microtubule-bundling proteins have been identified and entire cells have been reconstructed by electron tomography, revealing the detailed organization of its entire microtubule cytoskeleton 114 . Interphase cells contain ~3-4 bundles of 4-5 microtubules [114] [115] [116] . In this reconstruction, the nucleus is shown together with the entire complement of 16 microtubules (see the figure, part a) . The (Ref. 114) . Unlike the central spindle, the microtubules in these bundles overlap extensively near their minus ends. Although the bundles have a distinct organization from the central spindle, some of the components that are involved are orthologues, in particular Ase1. This organization also requires a kinesin motor, which in this case is the kinesin 14 family member Klp2 (Ref. 117) . The kinesin motor stably interacts with the plus end of one microtubule and slides it along an adjacent microtubule by its minus-end-directed motor domain, thereby increasing the extent of microtubule overlap 56 . These microtubule bundling and sliding activities are self-organizing structures that can assemble in enucleated cells without the nucleus or the spindle pole body 118, 119 . 111 . These data could be recapitulated in a computational model that involves the spatial regulation of microtubule dynamics. In particular, increasing the length of microtubules is predicted to increase the extent of overlap 108 . The observations converge with the experimental evidence that indicates that central spindle microtubules are substantially more stable than the astral microtubules 23, 30 . local regulation of microtubule dynamics could even be a primary function of some central spindle components.
A working model for central spindle assembly Based on the considerations that are discussed above, a speculative outline of central spindle assembly can be proposed (fIG. 5) . Following anaphase onset, the mitotic factors that promote microtubule catastrophe and crosslinking of half-spindles are downregulated, causing the growth of astral and interpolar micro tubules, which in turn induces spindle elongation. In parallel, central spindle assembly factors such as PRC1 and central spindlin are relieved from mitotic inhibition and the CPC is released from centromeres. Antiparallel microtubules are bundled, primarily at their plus ends, by the PRC1 dimers that have been transported to the plus end by the motor KIF4A. At the same time, the plus-end-directed motility of the kinesin subunit causes centralspindlin to concentrate at microtubule plus ends. owing to the presence of the CyK4 subunit, the centralspindlin complex might preferentially bind to antiparallel microtubules. The CPC could promote the retention of centralspindlin on the microtubules, perhaps by stabilizing centralspindlin at microtubule plus ends. The combined presence of PRC1, centralspindlin and the CPC induces robust bundling of the microtubules, thereby greatly stabilizing them. The high concentration of centralspindlin also serves as a direct docking site for additional cytokinetic regulators, such as ECT2, which induces local activation of RhoA [17] [18] [19] 112 , and CEP55 and FIP3, which subsequently promote abscission 34, 93 . one important feature that is absent from this model is an explanation for why the plus-end-directed motility of centralspindlin would not drive the two half-spindles apart. Is there a counteracting force that prevents the two half-spindles from sliding apart? Are centralspindlinmediated forces not sufficiently strong to disrupt the structure?
one distinguishing feature of mitotic and central spindles is the shape of their poles. Mitotic spindles have focused poles, whereas the poles of central spindles are largely frayed. Dynein inhibition causes fraying of the poles of the mitotic spindle 25 . The findings suggest that dynein might not be active at central spindle poles. As dynein is not globally inactivated during anaphase, its activity could be spatially regulated. whereas during metaphase the minus ends of microtubules focus at the centrosome, during late anaphase microtubules seem to dissociate from the centrosome. several MAPs, such as AsPM, accumulate on these minus ends and presumably cap and stabilize them. These MAPs might also inhibit dynein accessibility. Informative perturbations. In unperturbed cells, central spindle components concentrate strongly at the centre of the spindle, where the microtubules are antiparallel. some interesting experimental cases suggest that enrichment at overlapping antiparallel ends might reflect a binding site preference as opposed to an absolute requirement. Monopolar anaphase spindles can be generated by treating cells sequentially with a chemical inhibitor of EG5 followed by a CDK1 inhibitor 113 . These cells accumulate MKlP1 and other central spindle components near clusters of plus ends of bundled microtubules 113 . Interestingly, in these spindles or in the half-spindles that result from PRC1 depletion 55 , the CPC lies distal to MKlP1. This suggests that, in unperturbed central spindles, the CPC that concentrates in each half central spindle might in fact be positioned by microtubule plus ends in the opposite half central spindle. It is unclear why these components concentrate on a subset of microtubules of a mono polar spindle, nor whether their accumulation at this site reflects the same requirements and dynamics that allow them to concentrate in the central spindle. It is conceivable that these bundles might contain a few antiparallel microtubules. Alternatively, these components might bundle parallel microtubules when antiparallel microtubules are absent.
several non-mutually exclusive possibilities could explain the preference of PRC1 and centralspindlin for binding to antiparallel microtubules. First, overlapping plus ends might preferentially exploit an intrinsic symmetry of these molecules. second, the motor proteins in these complexes might travel along microtubules towards plus ends and rapidly fall off the ends, except at sites with overlapping plus ends. At these sites, they could cluster owing to directed motility in both directions along the two sets of microtubules. Finally, these complexes could bind to an unidentified factor that concentrates on these microtubules through one of these mechanisms.
Concluding remarks
The remarkable finding that clusters of beads coated with random DnA in concentrated mitotic cell extracts can nucleate the assembly of a beautiful mitotic spindle showed that microtubules, motors and MAPs can selforganize into complex supramolecular structures 25 . similar principles mediated by a different set of motors and MAPs organize the central spindle during anaphase.
In an unperturbed dividing cell, this structure uniquely defines a plane that lies between the segregating chromosomes and is therefore the optimal position for the plane of cell division. Thus, not only do these motors selfassemble into a spectacular variant of a spindle-like structure, but they also create a signalling centre that initiates cytokinesis and subsequently mediates its completion.
Although central spindle assembly is understood at the conceptual level, there are large gaps in our understanding. In particular, further insight is needed to determine the structural and biophysical features that enable certain motors and MAPs to preferentially accumulate at sites of overlapping antiparallel microtubules. In addition, it will be important to determine whether central spindle motors continually generate force as they are concentrated at the central spindle and, if so, to identify the molecules that produce the counteracting forces that prevent spindle collapse. In addition, numerous biochemical questions remain, including the mechanistic analysis of the roles of the CPC and CyK4 in central spindle assembly. Finally, it will be important to understand how the central spindle recruits accessory factors that regulate cytokinesis at appropriate times and how the entire structure ultimately disassembles following the completion of cytokinesis.
